Hepatitis C virus (HCV) is an important cause of hepatitis and is the leading indication for liver transplantation in the United States. Therapy with pegylated interferon and ribavirin has become the standard of care, although not all individuals successfully clear virus. End-of-treatment response to therapy is defined as an undetectable RNA after completion of therapy, and a sustained response is an undetectable RNA at the end of follow-up, 6 months after completion of therapy (8). Sustained response can be predicted by a number of factors, including age, the presence of fibrosis on liver biopsy, baseline viral load, and genotype (9). Recent studies have shown that there is a very low likelihood (no greater than 3%) of sustained response if an individual does not obtain at least a 2-log 10 drop in viral load 12 weeks after initiating therapy (5, 7). Viral load testing has thus become an essential tool for therapeutic monitoring. Qualitative HCV RNA assays are also useful at the end of treatment and the end of follow-up because they are the most sensitive tests available, with a lower limit of detection of 5 to 50 IU/ml, depending on the assay.
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An ideal HCV RNA assay would be one with a lower limit of detection of 5 to 50 IU/ml and a 6 to 7 log 10 linear range. This would eliminate the need for both qualitative and quantitative assays and would allow laboratories to use a single assay for therapeutic monitoring. Traditional viral load assays, such as the Bayer bDNA and Roche Monitor, have lower limits of quantification of 615 IU/ml and 600 IU/ml, respectively, which are inadequate to define an end-of-treatment response or sustained-treatment response. In addition, for Roche Monitor, specimens with concentrations greater than the limit of quantification (800,000 IU/ml) must be diluted to accurately determine viral load. The upper quantification limit of the Bayer bDNA assay is 7.7 million IU/ml; therefore, dilution of clinical specimens is not routinely needed.
Real-time PCR assays are very promising tools for therapeutic monitoring because of their sensitivity and broad measurable range. Currently, there are a limited number of published studies on the performance characteristics of these assays. Several studies have reported that assays utilizing COBAS TaqMan48 HCV analyte-specific reagent (ASR) (Roche Diagnostics) have a low limit of sensitivity, between 10 and 100 IU/ml, and are linear to at least 100 million IU/ml (1, 4, 6) . In this study, we performed a multilaboratory evaluation of two real-time assays, the Abbott reverse transcription-PCR (RT-PCR) and Roche RT-PCR, and compared their performances to those of the Bayer bDNA and Roche Monitor assays. The goal was to determine the limit of detection for the real-time assays (defined as the lowest concentration of HCV RNA in which 95% of replicates are positive), as well as linear range, reproducibility, subtype detection, and agreement.
MATERIALS AND METHODS
Standard and clinical samples. Panels were produced by the Division of AIDS Viral Quality Assurance Laboratory (DAIDS VQA Laboratory) at Rush University Medical Center, Chicago, Ill. Plasma was obtained from an HCV-infected individual (genotype 1b) following an institutional review board-approved protocol. The concentration of HCV RNA in the plasma sample was determined using the COBAS AMPLICOR HCV Monitor v2.0 test (Roche Monitor; Roche Diagnostics Corporation, Indianapolis, IN). To allow quantification within the linear range of the assay, the sample was diluted 1:100 and run in triplicate, and a single aliquot at a 1:200 dilution was also run. All four values were averaged to determine the final concentration of the sample. This stock material was then diluted with normal human plasma to concentrations of 1.0 to 7.0 log 10 IU/ml. Aliquots were stored at Ϫ70°C prior to testing.
For genotype equivalence studies, 89 plasma samples were collected at the Cleveland Clinic Laboratories following an institutional review board-approved protocol and were stored at Ϫ70°C. These samples were collected and shipped at Ϫ70°C to the Division of AIDS Viral Quality Assurance Laboratory, where they were aliquoted and shipped to the laboratories for testing.
Viral load assays. The HCV RNA ASR (Abbott RT-PCR; Abbott Laboratories, Abbott Park, IL) and the COBAS TaqMan48 HCV RUO (Roche RT-PCR; Roche Diagnostics) were performed as follows. For both assays, nucleic acid was extracted from 500 l of plasma using the QIAamp MinElute Virus Vacuum kit (QIAGEN, Valencia, CA). Although this is not the protocol recommended by either manufacturer, it was chosen to standardize the extraction method for both Abbott RT-PCR and Roche RT-PCR. The extraction was done per the manufacturer's protocol with the following exceptions: the protease was rehydrated in molecular-grade water instead of the supplied protease resuspension buffer, and carrier RNA was reconstituted in AVE buffer to which an internal quantitative control (IQC) or quantitation standard (QS) was added. For the Abbott RT-PCR, 104 l of reconstituted carrier RNA and 7.68 l of IQC were added to 9.3 ml of AL buffer; 500 l of this buffer was added to each 500-l sample. This equates to 0.41 l of IQC per sample (1,809 IU of IQC per sample). Samples were eluted in 75 l, and 50 l of extracted sample was added to 50 l of master mix; data were analyzed using the SQS 3.0 quantification software. tocol for MinElute columns with the following modification. Carrier RNA was reconstituted with 230 l of QS and 80 l AVE buffer, and the RNA-QS-AVE solution (74 l) was then added to 6.6 ml lysis buffer. A total of 500 l of the lysis buffer was added to 500 l of sample, which equates to 4.09 l of QS added per sample. Samples were eluted in 75 l, and 50 l was used in the amplification assays. Roche Monitor and Bayer bDNA (Bayer Diagnostics Corporation, Tarrytown, NY) were performed following the manufacturer's protocols. Specimens that were negative in the Bayer bDNA were tested by the Bayer TMA (Bayer Reference Testing Laboratory, Berkeley, CA), which has a lower limit of detection of 5 IU/ml. For the Roche Monitor assay, specimens that had a viral load greater than 100,000 IU/ml were diluted 1:100 in normal human plasma and retested.
Study design. The limit of detection, linear range, reproducibility, and agreement were determined using the dilution panel. For Roche RT-PCR, Bayer bDNA, and Roche Monitor, four laboratories tested seven replicates of each panel member (a total of 28 replicates for each panel member). Three laboratories performed the Abbott RT-PCR assay. One laboratory tested two panels, so that the total numbers of replicates were identical for the two RT-PCR assays. One laboratory (Bayer Reference Testing Laboratory) tested seven replicates of a limited panel that included members with a viral load of Յ3.0 log 10 IU/ml using the Bayer TMA test.
To assess quantification of specimens with different genotypes, clinical specimens of known genotype were tested in the Bayer bDNA, Abbott RT-PCR, and Roche RT-PCR assays following the methods described above. There was not adequate specimen to perform the Roche Monitor test. HCV genotype was determined using the LiPA Line Probe Assay (Bayer Diagnostics, Tarrytown, NY). In these experiments, the Bayer bDNA assay was considered the gold standard viral load assay, as this is the only FDA-cleared HCV viral load test. There were 28 specimens of genotype 1, 25 specimens of genotype 2, 29 specimens of genotype 3, and 7 specimens of genotype 4.
Statistical analysis. HCV concentrations were log 10 transformed for analysis. Results that were reported as invalid using assay-specific software were excluded from the analysis. The linear range was examined by comparison to a 45 o line. Within-laboratory standard deviations and mean residuals (observed minus nominal log 10 viral load) were tools for evaluating reproducibility and bias, respectively. For the genotype study, differences in the mean viral load values were assessed with the paired t test. Agreement between viral load values was assessed by the method of Bland and Altman (2).
RESULTS
Sensitivity and specificity. Differences in sensitivity and specificity were observed between assays. Both the Roche RT-PCR and Abbott RT-PCR were able to detect all 28 replicates of the 1.0-log 10 IU/ml sample (Table 1) . For the Roche Monitor assay, 22 of the 28 (79%) replicates at 2.5 log 10 IU/ml and 27 of the 28 (96%) replicates at 3.0 log 10 IU/ml were detected. The Bayer bDNA assay detected 13 out of 28 (46%) replicates at 3.0 log 10 IU/ml. However, samples that were negative in the Bayer bDNA assay were reflex tested in the Bayer TMA, which detected all seven replicates at 1.0 log 10 IU/ml. None of the 28 replicates at 0 IU/ml were positive in the Roche RT-PCR or Roche Monitor assays. Two and 1 of the 28 replicates at 0 log 10 IU/ml were positive in the Bayer bDNA and Abbott RT-PCR, respectively. For the Bayer TMA, one of the seven replicates at 0 log 10 IU/ml tested positive.
Linear range. The Abbott and Roche RT-PCR assays were linear from 1.0 to 7.0 log 10 IU/ml (Fig. 1) . A clinical specimen with high enough viral load to assess the linear range beyond 7.0 log 10 IU/ml was not available. The Bayer bDNA assay was linear to 6.5 log IU/ml. Eighteen of the 28 replicates of the 7.0-log 10 IU/ml sample had linear ranges greater than 6.89 log 10 IU/ml. After dilution of panel members with linear ranges of greater than 5.0 log 10 IU/ml, the upper quantification limit of Roche Monitor was at least 7.0 log 10 IU/ml.
Mean viral load. To assess the relative agreement of the mean viral load values between the different assays, the mean viral load was calculated across all laboratories for all samples that were within the linear range of each assay ( Table 2 ). The mean viral load values between different tests were within 0.5 log 10 . The mean differences for pairs of tests ranged from 0.18 to 0.46 log 10 IU/ml. Mean residual values, expressed as viral load values minus the nominal concentration, are shown in Fig. 2 . The Roche RT-PCR assay provided viral load values that were consistently higher than those observed with the Abbott RT-PCR for viral load values less than 4.0 log 10 IU/ml. The assays were in closer agreement for samples whose values were above this concentration.
Reproducibility. The Bayer bDNA is the most reproducible assay, with mean log 10 standard deviation values consistently below 0.15 log 10 (Fig. 3) . The Virology Quality Assurance Laboratory program uses a standard deviation of 0.15 to ensure that within-laboratory results can reliably detect a fivefold (0.69 log 10 ) difference in copy number between two indepen- Some of these differences were small (0.01 log 10 IU/ml); however, others were greater (0.45 and 0.75 log 10 IU/ml). To assess whether the low mean difference for genotype 3 samples (0.28 log 10 IU/ml; Table 3 ) was due to selective samples with a negative bias (as opposed to lower quantification of all genotype 3 samples), the mean difference between Roche RT-PCR and Bayer bDNA was recalculated after exclusion of genotype 3 samples with viral load values equal to or less than those of Bayer bDNA (data not shown). The resultant mean difference was 0.55 log 10 IU/ml, and the range of mean difference values for genotype 1 to 3 samples (0.82 to 0.55 log 10 IU/ml, or 0.27 log 10 IU/ml) was comparable to that for Abbott RT-PCR (0.96 to 0.61 log 10 IU/ml, or 0.35 log 10 IU/ml). For genotype 4, four of the seven (57%) specimens had a negative bias, and the mean difference was Ϫ0.15 log 10 IU/ml.
DISCUSSION
This multilaboratory comparison of the currently available HCV viral load assays clearly showed the value of the real-time PCR assays. Both the Abbott and Roche RT-PCR assays are very sensitive, detecting all 28 replicates of the 1.0-log 10 IU/ml specimen. In addition, they remained linear to at least 7.0 log 10 IU/ml. These results are consistent with those of recent reports of the sensitivity and linear range of the Roche RT-PCR ASR assay (1, 4, 6 ). We were unable to obtain an adequate volume of a clinical specimen with a viral load of Ͼ8.0 log 10 IU/ml to establish the upper end of the linear range. With this limit of detection and linear range, these real-time assays can be used for both diagnosis of infection and monitoring response to therapy, eliminating the need for laboratories to use both qualitative and quantitative assays. The Bayer bDNA assay with reflex testing of negative specimens to the TMA assay provides a sensitivity equivalent to that of the real-time assays. Of note, the linear range of Bayer bDNA compared well with the manufacturer's stated upper limit of 6.89 log 10 copies/ml. The Bayer bDNA assay was the most reproducible of the four assays tested. The Roche Monitor assay is also quite reproducible for values greater than 4.0 log 10 IU/ml. Between the two real-time assays, the Roche assay appears to be more reproducible than the Abbott assay; however, for both RT-PCR assays a QIAGEN MinElute system was used for nucleic acid extraction, which is not the method recommended by either manufacturer. We chose the MinElute system because it could accommodate a sample volume of 500 l, and use of this method allowed for standardization of the nucleic acid extraction method for both of the RT-PCR assays. It is unclear if the assays would have shown better reproducibility using the manufacturer's recommended extraction method. For the Roche RT-PCR assay, the reproducibility improved considerably for viral load values greater than 2.5 log 10 IU/ml. In contrast, the Abbott RT-PCR assay was most reproducible at the middle portion of the linear range, with higher variability at the upper and lower concentrations within the linear range. In measurable range experiments using a single genotype 1b specimen, all four methods gave viral load values within 0.5 log 10 IU/ml for all concentrations within the linear range of the assays. This level of agreement was remarkable, given that different amplification methods and standards were used in the assays. In contrast, greater variability in quantification (up to 2.09 log 10 IU/ml) between different methods was observed when clinical specimens were tested in genotype bias experiments.
The Bayer bDNA was chosen as the comparator assay in genotype bias experiments, because it is reported to reliably detect all genotypes (3), quantification data in the linear range are very reproducible (our data and reference 2), and it is the only FDA-approved quantitative assay. One limitation of this approach is that the Bayer bDNA assay may not necessarily be the most accurate HCV quantification method. However, there is no gold standard quantitative assay for these types of studies, and for the purposes of this analysis, trends in viral load were more important than absolute quantification.
In genotype bias experiments, no difference in quantification of genotypes 1, 2, and 3 was observed for the Abbott RT-PCR assay. Mean viral load values for these genotypes were greater than the Bayer bDNA assay and varied by only 0.35 log 10 IU/ml. In contrast, a different trend in quantification was observed for genotype 4 samples. Mean viral load values by Abbott RT-PCR were comparable to Bayer bDNA data, and two of the seven individual results were lower than those for Bayer bDNA. These data suggest that, relative to genotypes 1 to 3, Abbott RT-PCR may underquantify some genotype 4 specimens. The number of samples studied was limited, and additional experiments with a larger sample number are required.
For the Roche RT-PCR assay, quantification of genotypes 1 and 2 was equivalent, since viral load values for these specimens were similar to each other and greater than those obtained with the Bayer bDNA assay. The data for genotypes 3 and 4 raise concerns that some of these samples may be underquantified by the Roche RT-PCR assay. For genotype 3, the mean viral load was greater than that of Bayer bDNA; however, the difference was not as great as that observed for genotypes 1 and 2. Additionally, a proportion of genotype 3 specimens had viral loads less than that of Bayer bDNA. Significant underquantification (0.5 log 10 IU/ml) by Roche RT-PCR appears to be specimen specific and not a systematic bias, since the range of the mean difference data for genotypes 1 to 3 obtained by the two RT-PCR methods was comparable after exclusion of genotype 3 samples with a negative bias. For genotype 4, the mean viral load value was lower for the Roche RT-PCR assay than for Bayer bDNA, and four of seven individual results were lower than those for Bayer bDNA, suggesting underquantification of this genotype. Testing of additional samples is required to definitively identify quantification bias.
A recent study (6) evaluated the genotype specificity of the Roche RT-PCR ASR assay by testing specimens with genotypes 1 through 5. For the 25 specimens tested, the Roche RT-PCR ASR assay gave viral loads that were 89.4% to 119% of the expected result. The samples were obtained from a commercial source, and the expected result was based on the viral load value provided by the company; their method of quantification was not reported. We may have seen more variation in quantification because a greater number of specimens were tested. Based on our data, it appears that significant underquantification (0.5 log 10 ) is not systematic. Rather, it appears to occur in a small percentage of specimens.
In summary, the Roche and Abbott RT-PCR assays are sensitive and specific, with a broad linear range providing clinical utility for both diagnostic testing and therapeutic monitoring. Further studies are needed to assess the extent of underquantification of genotype 3 and 4 samples with the Roche RT-PCR assay and genotype 4 with the Abbott RT-PCRT assay. The variability in viral load values of clinical samples underscores the fact that different viral load assays should not be used interchangeably.
